An estimation of the void fraction in a tight-lattice rod bundle was needed for the R&D of the Innovative Water Reactor for Flexible Fuel Cycle (FLWR). For this purpose, we measured the void fraction and studied the behaviors of boiling flow. The void fraction was measured by a neutron radiography, a quick-shut-valve technique, and an electro void fraction meter.
Introduction
The Japan Atomic Energy Agency (JAEA) has started the thermal-hydraulic performance in a tight-lattice rod bundle for the R&D of the Innovative Water Reactor for Flexible Fuel Cycle (FLWR) in collaboration with the power utilities, reactor vendors and universities since 2002 (1) . The MOX fuel assembly with a triangular tight-lattice arrangement (about 1 mm gap between rods) are designed to increase the conversion ratio by reducing the moderation of neutron. Increasing the in-core void fraction (about 70% on average) also contributes to the reduction of neutron moderation. The R&D work on the thermal-hydraulic design for the FLWR was conducted based on the so-called "Design by Analysis" concept. The design by analysis reduces an expensive real scale test, but some model experiments were requested if no suitable data for the code verification are existed. Figure 1 (a) shows the transverse view of the designed fuel assembly, and Fig. 1(b) indicates the calculated void fraction distribution by an advanced interface tracking method code TPFIT (2) as one example of the "Design by Analysis" for the FLWR. In relation to the void fraction, no data applicable to the verification had been taken up to the present study. As the behaviors in the system and applicability of the simulation codes to the FLWR were unclear, we had to understand the behaviors and to verify the codes with the model experimental data.
Since the application of an existing void fraction measurement technique to the present system was extremely difficult, we have developed a neutron tomography for the 3D measurement, and a quick-shut-valve method and an electro void fraction meter for the 1D high pressure measurement. As well known, a measurement technique has merit and limit. The neutron tomography was applied to the 3D measurement in the small test sections under the atmospheric pressure. A quick-shut-valve technique was used for the middle-size bundle tests under the middle pressure conditions of 1.0 and 2.0 MPa. The void fraction meter was applied to the 37-rod bundle tests for the 1D measurement under the high pressure conditions of 2.0 and 7.2 MPa. The subchannel analysis code NASCA (3) , the advanced interface tracking method code TPFIT (4) , the advanced two-fluid model code ACE-3D (4) , the transient analysis code TRAC-BF1 (5) and the drift-flux model (6) (7) were verified by comparing with the dataset. In this paper, (1) the void fraction and the behaviors of boiling flow, (2) the comparison of the codes with the 3D void fraction data, and (3) the prediction of the 1D void fraction by the TRAC-BF1 code and drift-flux model were studied and summarized . Figures 2(A) and 2(B) show the schematic views of the "NR-7-rod" and "NR-14-rod" test sections and the 3D measurement region by the neutron tomography. Boiling water flowed upward between heater rods. The tests were carried out in the research reactor JRR-3. The experimental setup and the measurement system were described with detailed in Refs. (8)- (10) . The 3D data measured in the "NR-7-rod" and "NR-14-rod" test sections were shown in Figs. 3(A) and 3(B), respectively. Figures 3(A) indicate the color-contour and volume rendering view of the transverse and vertically-sliced void fraction distributions at the exit part (z = ~0.8m) of the "NR-7-rod" test section. High void fraction region is colored in red, and blue indicates the low void fraction region or liquid layer or flow shroud. It was confirmed from this test that liquid layer surrounded and cooled the heater rod even when the cross-sectional averaged void fraction was higher than 0.9. Figures  3(B) indicate the cross-sectional and vertical-sliced views, and also the 3D vapor distribution (α>0.9) in the "NR-14-rod" test section. From the vertical-center-sliced color-contour views tiled as a function of the total heater power and the cross-sectional views, following behaviors were made clear: (1) Void fraction at the peripheral becomes lower than at the center of the rod bundle, (2) Void fraction at the rod gap part of the lower core and at the center of the subchannel of the upper core becomes higher. Experimental results visualized parametrically in the "NR-14-rod" test section were reported in Refs. (10) and (11) . Here, the spatial resolution was 0.1~0.2 mm/voxel. The error was estimated within +/-~0.1.
Void Fraction Experiments
Next, the comparisons of the codes with the dataset were carried out in order to evaluate the applicability of the codes. Figures 4(a) show the subchannel model (12) for the NASCA (3) and the comparisons between the data and the calculation in the "NR-14-rod" test section. It was confirmed from the comparisons that the NASCA calculated similar cross-sectional void fraction distribution to the data, that is, the subchannel-averaged void fraction at the corner subchannel was calculated lower than the center subchannel, and difference between the code and the data is same level as the measurement error of within 0.1. Applicability of the NASCA to the FLWR was good as same level as the experimental error (12) . Figures 4(b) show the comparison of the TPFIT (2)(4) with the data. Here, the data was measured in boiling flow and the figure indicates the cross-sectional void fraction distribution at the exit part. On the other hand, the calculated one is indicated the simulation in the vapor/water adiabatic saturated flow. Following qualitative trends could be simulated: (1) Liquid layer surrounds the rods, (2) Liquid tends to remain at the narrow space between the rods, the corner, and the cold surrounding wall. After the suitable phase change algorism are going to be installed in the TPFIT, more resemble predictions will be expected. 
Comparison of the Simulation Codes with the Data

Time Change on the Void Fraction
Above mentioned 3D void fraction distribution was time-averaged value. Since the real boiling flow is generally swinging along the flow channel, understanding of the time change of an instantaneous void fraction is very important. In order to make clear the behaviors of boiling flow, the instantaneous void fraction was visualized consecutively by using a high-frame-rate neutron radiography (HFR-NR) (13) (14) . Figure 5 (A) shows the instantaneous 2D liquid hold-up, (1-α), in the "NR-7-rod" test section. Dark blue regions and cyan regions indicate the water lumps and vapor slugs, respectively. A spacer is located at the lime-green region. Because the spacer was made of plastic (high neutron beam absorber), the data reliability at the spacer became low. Figures 5(B) show the consecutive instantaneous 2D void fraction in the "NR-14-rod" test section (10) . From these HFR-NR tests, followings were observed: (1) Flow was intermittent, (2) No stationary high-void-fraction region at lower core, (3) Moving velocities of the water lump and vapor cluster at the bundle center were faster than those at the peripheral. 
Spacer Effect on Void Fraction
A fuel rod is fixed by the spacer in the fuel assembly. As the spacer changes the flow behaviors and critical power etc., an understanding and the prediction of the spacer effect is very important. To visualize the spacer effect and verify the codes, the simple spacer effect experiment was carried out with the "NR-Spacer" test section by the neutron radiography. The 3D view of the test section and typical experimental conditions are shown in Figs. 6(a) and (b). Figures 6(c) indicate the time-averaged void fraction distribution around the spacer as a function of the total heater power and schematic drawing of the result. The following phenomena were observed as shown in Fig. 6 (c)(B) : (1) Liquid droplets/lumps were depositted at the front edge and surface of the spacer object, (2) Chamfer effect was clearlly observed at the front edge of the object, that is, depositted water flows and blowed up to the chamferd side, (3) Thickness of the liquid film was reduced remarkably around the object. (c) Visualization of the data and the schematic drawing of the observation Fig. 6 void fraction data on spacer effect with a function of the heater power Figure 7 shows the instantaneous void fraction calculated by the ACE-3D (4) . Inlet void fraction was set to 0.8. The inlet liquid and gas velocities were equal to 1.5m/s to simulate the experimental condition as similar as possible. From the comparison of the ACE-3D with the data, followings were confirmed:
(1) The liquid film was formed on the front edge of the object by the collision of liquid droplets as same results as the experimental data, and was flied away from the back edge of the object, (2) Thickness of the liquid film decreased around the object as same as the data, (3) Predictability of the ACE-3D for the evaluiation of the spacer effect was good. Fig. 7 Void fraction calculated by the ACE-3D code Spacer effect in a tight-lattice rod bundle was also observed using the "NR-7-rod" test section (15) . Figures 8 show the instantaneous void fraction distributions along a center line and on the cross section. Instantaneous void fraction swigged within mean value +/-0.1 because of the passing of water droplets/films and high-void-fraction lumps. Here, the void fraction in the spacer includes unfortunately large measurement error as mentioned before. From the observation of the movie of the consecutive data, following behaviors were observed:
(1) Void fraction profile tended to change to the flat distribution at the upper part of the spacer, (2) Water and vapor flowed with dividing into parts in the spacer. 
Comparison of the 1D Analysis Code and Model with the 1D Void Fraction Data
Applicability of the system analysis code TRAC-BF1 (5) and a drift-flux model to the tight-lattice rod bundle under high pressure and high temperature conditions should be evaluated for the R&D of the FLWR. However, no suitable void fraction data existed. Therefore, we conducted two types of the void fraction experiments and compared the TRAC-BF1 and the 1D drift-flux model as shown in Table 2 with the data. Figure 9 shows the schematic view of the "QS-19-rod" test section. As described in Table 1 , a section-averaged void fraction in water/vapor two-phase flow was measured with the quick shut valve under the relatively high mass velocity condition and middle pressure range. Void fraction under high pressure and high temperature conditions as same condition as the FLWR steady operating condition was measured using the "VFM-37-rod" test section. Figure 10 shows the schematic view of the test section with an electro void fraction meter (15) . Details of the test section and the test facility were described in Ref.
(16). The 1D void fraction data were correlated with the quality, that is, so-called "void fraction -quality correlation" was evaluated. Figure 11 shows the comparison result in case of the "QS-19-rod" test section with the exit pressure of 2.0 MPa. The D-F correlation for annular flow agreed well with the data. On the other hand, the TRAC-BF1 and other D-F correlations tended to overestimate.
Comparison result in case of the "VFM-37-rod" test section and the system pressure of 7.2 MPa is shown in Fig. 12 . Tendencies of the data and calculations were similar to the other results.
To summarize the comparisons of the TRAC-BF1 and the 1D D-F model with the data, followings were confirmed: (1) In the region of low quality, x<0.1, TRAC-BF1 and the D-F model overestimates the void fraction, (2) In the quality region of x>0.1 and void fraction region of α>0.5, the D-F correlation for annular flow calculates the similar void fraction to the data. 
Summary
For the R&D of the FLWR, five types of void fraction experiments with 7-, 14-, 19-and 37-rod and the rod-gap of 1.0-1.3mm bundle and a spacer effect test were conducted under from the atmospheric pressure to 7.2 MPa conditions. And an applicability of the numerical analysis codes and a drift-flux model to the tight-lattice rod bundle on the void fraction estimation were evaluated based on the comparison of these void fraction calculation methods with the experimental data.
From the flow observation of the 3D data and consecutive instantaneous changing data, the distributions of the void fraction and the behaviors of boiling flow were made clear. The spacer effect on the distribution was also found out by the neutron radiography.
Extensibility of the advanced numerical analysis codes, NASCA, ACE-3D, and TPFIT, to the tight-lattice rod bundle was verified by comparing with the data. As the results, these codes were fundamentally applicable to the R&D of the FLWR because the tendencies of the calculated void fraction by these codes and the data were similar within the measurement error.
Applicability of the system accident analysis code, TRAC-BF1, and the 1D drift-flux model to the tight-lattice rod bundle was studied. In case of the low quality and void fraction region, the code and the model overestimated the void fraction. On the other hand, in case of relatively high quality and void fraction region, the code and model calculates the void fraction with good agreement to the data.
As mentioned above, this void fraction study took a step forward the "Design by Analysis" for the FLWR.
